Chitinase C (ChiC) is theˆrst bacterial family 19 chitinase discovered in Streptomyces griseus HUT6037. While it shares signiˆcant similarity with the plant family 19 chitinases in the catalytic domain, its N-terminal chitin-binding domain (ChBD ChiC ) diŠers from those of the plant enzymes. ChBD ChiC and the catalytic domain (CatD ChiC ), as well as intact ChiC, were separately produced in E. coli and puriˆed to homogeneity. Binding experiments and isothermal titration calorimetry assays demonstrated that ChBD ChiC binds to insoluble chitin, soluble chitin, cellulose, and N-acetylchitohexaose (roughly in that order). A deletion of ChBD ChiC resulted in moderate (about 50%) reduction of the hydrolyzing activity toward insoluble chitin substrates, but most (about 90%) of the antifungal activity against Trichoderma reesei was abolished by this deletion. Thus, this domain appears to contribute more importantly to antifungal properties than to catalytic activities. ChBD ChiC itself did not have antifungal activity or a synergistic eŠect on the antifungal activity of CatD ChiC in trans.
Key words: Streptomyces griseus; chitinase; chitinbinding domain; antifungal activity Chitinases (EC 3. 2. 1. 14) catalyze the hydrolysis of chitin, which is a linear b-1, 4-linked polymer of N-acetylglucosamine. They occur and have important physiological and ecological roles in a wide range of organisms, including viruses, bacteria, fungi, insects, higher plants, and animals. According to the classiˆcation of glycosyl hydrolases by Henrissat, chitinases are grouped into two families, 18 and
19.
1,2) These family members are unrelated in terms of amino acid sequences and have diŠerent threedimensional (3D) structures. The catalytic domains of family 18 enzymes have an (a W b)8-barrel fold, while the family 19 enzymes consist mostly of ahelices. 3, 4) Moreover, they use diŠerent catalytic mechanisms. Family 18 chitinases do substrate-assisted catalysis, 5, 6) and family 19 chitinases use the general acid-and-base mechanism.
4,7)
The family 18 chitinases are ubiquitous, but the family 19 enzymes have been identiˆed mostly in plants. 8) Chitinase C (ChiC) from S. griseus HUT6037 was theˆrst family 19 chitinase discovered in an organism other than higher plants. 9) The bacterial family 19 chitinases were then identiˆed in other bacteria including Burkholderia gladioli, Vibrio cholerae, Haemophilus in‰uenzae, and Pseudomonas aeruginosa, [10] [11] [12] [13] as well as in other Streptomyces species. 14) Several genes for family 19 chitinases have been identiˆed in the Caenorhabditis elegans genome. 15) Thus, family 19 chitinases appear to be distributed more widely than was previously thought.
Plant family 19 chitinases are thought to constitute part of the defense mechanism against fungal pathogens and to have antifungal properties in vitro. 8, [16] [17] [18] [19] [20] Class I and IV enzymes of plant family 19 chitinases have a cysteine-rich chitin-binding domain (also referred to as the hevein domain or the wheat germ agglutinin domain) at their N-termini. This domain increases the antifungal function of the catalytic domain. [20] [21] [22] Like plant family 19 chitinases, ChiC also has a putative chitin-binding domain (tentatively designated ChBDChiC) of 52 amino acids (Ala30-Gly81) at the amino terminus (Fig. 1) . However, this domain does not share signiˆcant sequence similarity with the ChBDs of the plant family 19 chitinases, but it has similarity to the binding domains of some bacterial family 18 chitinases, cellulases, and proteases. This structural feature of ChBDChiC suggests a binding a‹nity to chitin and to cellulose and a possible role in catalytic and W or antifungal functions.
Here, we produced and puriˆed ChBD ChiC , CatDChiC, and ChiC individually in Escherichia coli, then studied their biochemical properties with respect to catalytic and antifungal functions. Binding and enzyme assays with these puriˆed proteins demonstrated that ChBD ChiC bound to insoluble and soluble chitins and celluloses. Our results also showed that ChBDChiC appears to contribute to the hydrolysis of insoluble substrates and more importantly, to the antifungal activity of ChiC.
Materials and Methods
Strains, plasmids, and medium. E. coli DH5a (Bethesda Research Laboratories) was used as the host strain in plasmid construction. ChiC was produced in E. coli BL21 (DE3) (Novagen) cells that harbor plasmid pGC02 carrying the chiC gene of S. griseus HUT6037 as described.
14 ) The recombinant plasmids pChBD1 and pCatD1 carry the DNA region corresponding to the ChBD ChiC and CatD ChiC coding regions, respectively, in chiC. ChBDChiC and CatDChiC were produced in E. coli BL21 (DE3) cells harboring pChBD1 and pCatD1, respectively. E. coli cells were cultured in Luria-Bertani (LB) medium containing 100 mg ampicillin per ml when appropriate.
Construction of expression plasmids pChBD1 and pCatD1. The DNA regions corresponding to the ChBDChiC and CatDChiC coding regions were separately ampliˆed by PCR using pGC02 carrying the chiC gene 14) as the template. The primers were: 5?-ATAC-GTAACCATGGCCACCTGCGCCACGGCCTG-3? (the NcoI site is underlined) and 5?-TCTAGGATCC GGTGCCACACGCACCCTTG-3? (the HindIII site) for chBD ChiC ,; 5?-ACCATGGGATCCGGTGAGG-GCCCGGGCGGCA-3? (the NcoI site) and 5?-T CCTAGG TCAGCAGCTCAGGTTCGGACCC-3? (the SacI site) for catDChiC. The nucleotides of the ampliˆed fragments were conˆrmed by sequencing after insertion into the HincII site on plasmid pUC118.
23 ) The chBDChiC and catDChiC sequences were excised from the relevant plasmids as NcoI-HindIII and the NcoI-SacI fragments respectively, then ligated to the expression vector pET-22b(+) (Novagen, Madison, Wisconsin) at the corresponding restriction sites, resulting in pChBD1 and pCatD1 ( Fig. 1) respectively.
Production and puriˆcation of ChiC, ChBDChiC, and CatDChiC. ChiC was produced by E. coli cells harboring plasmid pGC02 and puriˆed by hydroxyapatite column chromatography as described. 14) To produce ChBD ChiC , E. coli BL21 (DE3) cells carrying pChBD1 were cultured at 339 C in LB medium containing 100 mg of ampicillin per ml. When the O.D.600 nm of the culture reached 0.8, isopropyl-b-D-thiogalactopyranoside (IPTG) was added at aˆnal concentration of 1 mM to induce ChBD ChiC expression, and the cells were incubated for a further 1.25 h. After the cells were harvested by centrifugation, ChBDChiC was extracted from the periplasmic space of the induced cells using cold osmotic shock. 24) The extracted periplasmic proteins containing ChBDChiC were precipitated with 80z saturated ammonium sulfate, dissolved in 1 mM sodium phosphate buŠer (pH 6.0), and dialyzed against the same buŠer. The dialyzed protein samples were then put onto a hydroxyapatite column (3.5×13 cm) equilibrated with the same buŠer. Proteins were eluted with the same buŠer, and fractions containing ChBDChiC were pooled and lyophilized.
CatDChiC was produced in E. coli BL21 (DE3) cells harboring pCatD1 and puriˆed by hydroxyapatite column chromatography as above.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
. SDS-PAGE was done using 20.0z and 12.5z polyacrylamide gels according to the instructions provided by Sigma Chemical Co (St. Louis, Mo) and Laemmli, 25) respectively.
Enzyme and protein assays. The reaction mixture (total 750 ml) for the chitinase assay contained 0.1 M sodium phosphate buŠer, pH 6.0, an indicated substrate (1 mg of dry weight), and puriˆed ChiC or CatDChiC. The reaction was performed at 379 C for 10 min. The amount of reducing sugar generated was measured by a modiˆcation of the method of Schales, 26) and one unit of chitinase activity was dened as the amount of enzyme that produces 1 mmol of reducing sugar per min. The protein concentration was estimated from the absorbance at 280 nm using the molar extinction coe‹cients e (ChiC)＝67,100, e (ChBDChiC)＝40,380, and e (CatDChiC)＝26,720, based on the deduced amino acid composition of these proteins. 27) Binding assay. The binding assay mixture (1 ml) contained various concentrations of protein, 1 mg of a binding substrate, and 20 mM sodium phosphate (pH 6.0). The mixtures were incubated for 3 (ChiC) or 24 h (CatDChiC and ChBDChiC) on ice with occasional mixing, then centrifuged at 15,000×g for 20 min at 49 C the protein concentration in the supernatant containing free proteins was measured. The amount of bound proteins was estimated by subtract- Numbers indicate amino acid positions relative to theˆrst methionine of ChiC (9) . Coding regions of relevant domains were inserted in-frame into the expression vector pET-22b(+) using restriction sites created in PCR-ampliˆed fragments (see Materials and Methods). SP, signal peptide of ChiC. PelB, leader sequence of PelB on plasmid pET-22b(+).
ing the amount of free proteins in the supernatant from the initial amount of protein. The amount of protein that non-speciˆcally bound to the tube was measured in a control experiment using a reaction mixture without a binding substrate and used to correct the amount of protein bound to the substrate.
Isothermal titration calorimetry (ITC) assay. ITC experiments were done using an OMEGA calorimeter (MicroCal Inc., Amherst, Mass.). The reaction cell (1.4 ml volume) wasˆlled with 50 mM sodium phosphate buŠer (pH 6.0) containing 67.6 mM ChBDChiC, and 10 ml of 10.0 mM (GlcNAc) 6 in the same buŠer was injected 22 times into the reaction cell through a syringe every 6 min at 259 C. In a control experiment, the (GlcNAc)6 solution was also injected into the buŠer without ChBDChiC to obtain the heat on dilution. The dilution heats were subtracted from the observed reaction heats. Data analysis to calculate the equilibrium constant and the enthalpy change for binding of the substrate to ChBDChiC was done using the ORIGIN software provided with the calorimeter. 46) Antifungal assay. Antifungal activity was assayed using the hyphal extension-inhibition assay essentially as described. 14) Forty microliters of the Trichoderma reesei conidia suspension (2.5-5×10 3 per ml) was inoculated onto a paper disk placed in the center of a dish containing potato dextrose agar (Becton Dickinson, Maryland, USA). After a 24-h incubation at 259 C, new paper disks were placed around at the edge of the T. reesei colony and 40 ml of solutions containing various amounts (0 to 10 nmoles) of ChiC, ChBDChiC or CatDChiC were put onto the disks. The plates were incubated at 259 C for 24 h, and the inhibition of hyphal extension around the disks was examined.
Chemicals. Chitin EX (powdered prawn shell chitin), chitosan 7B (70z deacetylated chitin), chitosan (more than 99z deacetylated chitin), and CM-chitin were purchased from Funakoshi Chemical Co. (Tokyo, Japan). (GlcNAc) 5 , (GlcNAc) 6 and watersoluble chitin (WS-chitin) were obtained from Yaizu Suisan Chemical Co. Ltd. (Shizuoka, Japan). The degree of deacetylation and approximate molecular weight of WS-chitin were 39z and 25,000, respectively. Reduced N-acetylchitopentaose [Red-(GlcNAc)5] was prepared from (GlcNAc)5 as described by Yanase et al. 28) Avicel was purchased from Asahi Chemical Industry (Osaka, Japan) and acidswollen cellulose (ASC) was prepared from Avicel as described by Raphael et al. 29) Colloidal chitin and ethylene glycol chitin were prepared from powdered crab shell chitin (Funakoshi Chemical Co.) by the methods of Jeuniaux 30) and Yamada and Imoto, 31) respectively. Microcrystalline b-chitin from vestimentiferan ( Lamellibrachia satuma) was prepared as described. 32) Squid chitin was obtained from Nihon Suisan Co. Ltd. (Shizuoka, Japan).
Results

Production and puriˆcation of CatDChiC and ChBDChiC
Mature ChiC of S. griseus HUT6037 consists of two distinct domains: the N-terminal ChBDChiC and the C-terminal CatD ChiC (Fig. 1) . ChBD ChiC (Ala30-Gly81), CatDChiC (Gly82-Cys294) and intact ChiC (Ala30-Cys294) were produced by E. coli BL21 (DE3) cells harboring the plasmid pChBD1 (chBDChiC), pCatD1 (catDChiC), or pGC02 (chiC ) ( Fig. 1; for construction see Materials and Methods). Upon induction with IPTG, the recombinant E. coli BL21 (DE3) cells produced the relevant protein in the periplasmic space ( Fig. 2A and B, lanes 2 ). The expressed proteins were then extracted from the periplasm and puriˆed by hydroxyapatite column chromatography. This single chromatographic procedure gave homogeneous proteins, as judged by SDS-PAGE ( Fig. 2A and B, lanes 3) , at yields of 0.5 mg ChBDChiC and 2.0 mg CatDChiC from one liter of culture. The molecular mass of ChBDChiC estimated from its mobility relative to the markers was slightly larger than the calculated molecular mass (5.5 kDa versus 7.5 kDa). This may be due to the relatively slow migration of ChBDChiC on this gel, as reported for some other proteins.
33)
Function of ChBD in hydrolytic activity
To examine the role of ChBD ChiC in the hydrolytic activity, the speciˆc activities of CatDChiC and ChiC were compared using soluble substrates, glycol chitin, WS-chitin, and reduced N-acetylchitopentaose [Red-(GlcNAc)5], and insoluble substrates, colloidal chitin, chitosan 7B (70z deadecetylated chitin), chitin EX, squid chitin, powdered chitin from crab shells, and microcrystalline b-chitin. ChiC hydrolyzed glycol and WS-chitin most actively (Fig. 3A) . CatDChiC also actively hydrolyzed these substrates, but at signiˆcantly lower rates (70-80z) compared with the intact enzyme (Fig. 3A) . Both CatDChiC and ChiC equally hydrolyzed Red-(GlcNAc)5 but at levels that were slightly less than 20z of the activities observed with glycol chitin (Fig. 3A) . These results demonstrate that ChiC appears to prefer large soluble chitin polymers as substrates and requires ChBDChiC to express its full ability to hydrolyze these substrates, but not chitin oligomers.
ChiC also hydrolyzed insoluble colloidal chitin, but with about 10z of its ability to hydrolyze soluble glycol chitin (Fig. 3B) . ChBDChiC appeared to contribute more signiˆcantly to the hydrolysis of insoluble substrates as shown by the pronounced eŠect (about 50z reduction) of the ChBDChiC deletion on the ability to hydrolyze colloidal chitin (Fig. 3B) . ChiC hydrolyzed less chitosan 7B (Fig. 3B ), but this activity was not signiˆcantly aŠected by the deletion (Fig. 3B) . ChiC also hydrolyzed other insoluble chitinous substrates, but at very low rates (Fig. 3C) . Although the hydrolytic activities were low, ChiC appeared to require ChBDChiC to hydrolyze chitin EX, squid chitin, and powdered crab shell chitin; the hydrolytic activities of CatDChiC on these substrates ranged from 40 to 50z of those by ChiC (Fig. 3C) . ChiC hardly acted on microcrystalline b-chitin (Fig. 3C) . These results indicate that the activity of ChiC depends on the crystal structure of the chitin as demonstrated with other bacterial chitinase.
33)
Interaction of ChBD ChiC and ChiC with various chitinous substrates
We used three approaches to examine interactions between ChBDChiC and substrates. First we used a binding assay to measure the amounts of ChiC and ChBD ChiC that bound to insoluble substrates. Since ChBDChiC shares signiˆcant sequence similarity with the cellulose-binding domain (CBD) of some cellulases and with the ChBDs of some bacterial family 18 chitinases, we included Avicel and acid-swollen cellulose as well as chitinous substrates in the binding assays. Figure 4 shows that both ChiC and ChBDChiC bound to most of the insoluble chitinous substrates tested. This binding appeared to depend on the Nacetyl groups of the substrates. The amount of ChBD ChiC and ChiC that bound to chitosan 7B was less than half of that bound to fully acetylated chitins, and almost no binding to chitosan was detected with either protein (Fig. 4) . In accordance with the sequence similarity of ChBDChiC to the CBDs, ChBD ChiC also bound to Avicel and acid-swollen cellulose, though in smaller amounts, and binding was also similar with ChiC (Fig. 4) . In contrast, CatDChiC did not bind to any tested substrates (data not shown). These results support the notion that ChiC binds through ChBD ChiC to insoluble chitin and to cellulose, with relatively low a‹nity, and that the interaction of ChBDChiC with chitin depends on the degree of acetylation on the substrates.
We next observed interactions of ChBDChiC with the soluble substrates, glycol chitin, WS-chitin, and (GlcNAc)6 using a competitive binding assay. ChBDChiC was incubated with chitin EX (EX) in the presence or absence of a soluble substrate, and the amounts of proteins that bound to EX in the presence of the soluble substrates were measured. Glycol chitin and WS-chitin appeared to prevent the ChBDChiC binding to EX by 25z (Fig. 5A) . A small interference eŠect (5z inhibition) was also observed with (GlcNAc)6 (Fig. 5A) , suggesting that this domain has a binding a‹nity to chitooligomers.
To further demonstrate the binding of ChBDChiC to (GlcNAc)6, we used ITC to measure the interaction between ChBDChiC and (GlcNAc)6. Figure 5B shows that a signiˆcant amount of heat was generated after each injection of (GlcNAc)6, due to binding of ChBDChiC to the chitooligomer. No such heat generation was measured with the ChBD of chitinase A1 (ChBDChiA1) from Bacillus circulans WL-12.
33)
Contribution of ChBD to the antifungal activity ChiC has an inhibitory eŠect on the growth of T. reesei. 14) To assess the contribution of ChBD ChiC to the antifungal activity, we compared the inhibitory eŠects of CatDChiC, ChBDChiC, and intact ChiC on the hyphal extension of T. reesei. Intact ChiC produced a clear inhibition zone around the disk (Fig. 6A, disk  2) . CatD ChiC also inhibited growth, but very weakly (disk 4). In contrast, ChBDChiC (disk 3) had no inhibitory eŠect, and the addition of ChBDChiC to CatDChiC (disk 5) did not increase the antifungal activity of CatDChiC. Thus, ChBDChiC appeared to signiˆcantly promote the antifungal function of ChiC, only in the cis-position. We then measured the increase by ChBDChiC of the antifungal activity by using diŠerent amounts of ChiC and CatDChiC. Figure 6B shows that 1 nmole of ChiC (disk 1) inhibited growth to a level that was comparable to that caused by 10 nmoles of CatDChiC (disk 4), indicating that intact ChiC has nearly 10 times more antifungal activity than CatDChiC. Since the absence of ChBDChiC reduces the hydrolyzing activity of ChiC by only 2 to 2.5-fold (Fig. 3) , the observed eŠect of the ChBDChiC deletion on the antifungal activity may not be ascribed solely to reduced chitinolytic activity, implying an additional antifungal role of ChBDChiC. 6 . We injected 10.0 mM (GlcNAc) 6 into 67.6 mM ChBD ChiC at 259 C. The reaction heats after subtraction of dilution heats wereˆtted to the theoretical curve (solid line) with the assumption of a single binding site. The dissociation constant and the enthalpy change for the binding were obtained as 2 mM and "7 kcal per mol, respectively. 
Discussion
Production and puriˆcation of ChiC, CatDChiC, and ChBDChiC allowed the biochemical properties and functions of ChBDChiC to be studied in some detail. ChiC and ChBDChiC have essentially the same binding properties (Fig. 4) , while CatDChiC did not obviously bind to any of the tested insoluble substrates, documenting the role of ChBDChiC in the chitin-binding activity of this enzyme. A comparison of the speciˆc hydrolytic activities between CatDChiC and ChiC (Fig. 3) indicated that ChBDChiC is required for the full hydrolytic activity of ChiC against both insoluble and soluble chitin polymers, but not against the chitin oligomer, Red-(GlcNAc)5. A deletion of ChBDChiC reduced by about 50z and 20z the speciˆc activity of ChiC for the insoluble and soluble substrates, respectively (Fig. 3) . These results sug- circulans WL-12.
Asterisks indicate the three aromatic residues of CBD EGZ , exposed to allow interaction with cellulose. Identical amino acids are shown on a black background.
gested interactions of ChBDChiC with soluble substrates. Indeed, interactions with soluble chitin and with (GlcNAc)6 were demonstrated by the competitive binding studies (Fig. 5A) and by the ITC assay (Fig. 5B) , respectively.
ChBDChiC has about 55z identity to the yet uncharacterized ChBDs of some bacterial chitinases and to ChBDChiA1 33, 34) although the sequence similarity is low (Fig. 7) . This chitin-binding domain appears to share sequence similarity with the family V carbohydrate-binding modules, such as the cellulosebinding module (CBDEGZ) of endoglucanase Z from Erwinia chrysanthemi. 35, 36) The family V modules have three aromatic residues, which are aligned and exposed on the surface to allow hydrophobic interactions with the glucose moieties of cellulose. 35, 36) Similar hydrophobic residues are conserved in ChBDChiC at the corresponding positions (W36, W59, and W60) (Fig. 7) and other binding modules of cellulases such as cellobiohydrolase I from Trichoderma reesei, exoglucanase Cex from Cellulomonasˆmi, and cellulosomal scaŠoldin (CipA) from Clostridium thermocellum.
37-39) The three-dimensional structure and biochemical analysis of ChBDChiA1 demonstrated that this domain interacts only with insoluble chitin, not with soluble chitin. 33, 34) In contrast, the hevein domain of plant family 19 chitinase, which is unrelated to the bacterial binding motifs in the primary structure, binds to chitin oligomer, as well as chitin, through three aromatic residues in the ligand-binding site. [40] [41] [42] [43] In accordance with the higher sequence similarity of ChBDChiC to other ChBDs, this domain has higher binding a‹nity for chitin (Fig. 4) , and it also has a low but apparent capability of binding to cellulose (Figs. 4 and 5) . Unlike many CBDs and other ChBDs that are dispensable for hydrolysis of soluble substrates, ChBDChiC appears to be required for the hydrolysis of soluble, as well as insoluble chitin (Fig. 3) . A binding domain in endocellulase E4 from Thermomonospora fusca similarly participates in the hydrolysis of soluble substrates.
44 ) The CBD (family IIIc) of this enzyme binds to both amorphous and crystalline types of cellulose and presumably assists in the uptake of a cellulose chain into the catalytic cleft. 44) By analogy with this type of CBDs, ChBDChiC might play a role in the process of introducing a chitin chain into the catalytic cleft. Further biochemical and structural analyses are required to examine this hypothesis.
ChiC shares less than 40z identity with the amino acids of plant family 19 chitinases, but it also has an apparent antifungal property (Fig. 6) like the plant chitinases. 8, [16] [17] [18] [19] [20] Thus, the antifungal activity appears to be a general property of the family 19 chitinases. Iseli et al. 20) reported that a deletion of the ChBD (ChBDTob) from a tobacco class I chitinase results in about a 3-fold reduction of antifungal activity. Although ChBD ChiC has a diŠerent structure from ChBDTob, a deletion of ChBDChiC reduces the antifungal activity by a factor of 10 ( Fig. 6 ). This reduced antifungal activity caused by the ChBDChiC deletion appears not to be a consequence of reduced chitinase activity; CatD ChiC retains about 50z of the activity of ChiC, while the antifungal activity of CatDChiC was only 10z of that of ChiC (Figs. 3 and 6 ). Plant ChBD and ChBDChiC both have high binding a‹nities to insoluble chitin. Such binding properties seem to correlate with the improving eŠects of these domains on antifungal activity. 20, 21) ChBDChiC itself neither had antifungal activity, nor increased the antifungal activity of CatDChiC in trans under our conditions (Fig. 6) . Whether or not the ChBDs of plant family 19 chitinases have antifungal properties remains unknown. However, since PR-4 proteins similar to the hevein domain inhibit fungal growth and express a synergistic eŠect on the growth inhibition of fungi caused by chitinase or PR-5 protein, 43, 44) plant ChBDs might have antifungal activity. In conclusion, the chitin-binding domains of bacterial and plant family 19 chitinases play an important role in the antifungal properties of these enzymes rather than upon the catalytic properties, irrespective of their structures.
